A model for multiple loading-unloading of an elasticplastic sphere and a rigid flat is presented to cover a wide range of loading conditions far beyond the elastic limit. It is shown that although most of the plastic deformation occurs during the first loading, additional plastic deformation may evolve during the first unloading and a few subsequent loading-unloading cycles.
INTRODUCTION
Repeated loading-unloading of an elastic-plastic sphere contacting a rigid flat is a fundamental physical problem in various applications such as contact resistance in MEMS micro switches [1] and head-disk interaction in magnetic storage systems [2] , for example. Repeated loading-unloading of a sphere in contact with a flat can be used for simulation of a single asperity of a rough surface and to study its wear [3] .
The problem of a rigid sphere repeatedly indenting an elastic-plastic half space was studied in [4, 5] and the model of erosive wear for repeatedly impacting rigid erodent on a soft elastic plastic surface was developed in [6, 7] . The problem of multiple loading-unloading of elastic-plastic contact is also applicable in studying rolling contact [8] .
The process of first unloading of an elastic-plastic loaded sphere in contact with a rigid flat was studied in [9] for a wide range of material properties and sphere radii. It was found that, depending on the maximum external load, plastic zones may remain locked inside the sphere upon completion of the unloading process. It is the purpose of the present paper to study the behavior upon multiple loading-unloading cycles.
THE MULTIPLE LOADING-UNLOADING MODEL
A schematic representation of the contact problem is shown in Fig 1. A compliant hemispherical body with an originally un-deformed radius R comes into contact with a rigid flat surface. The problem is axisymmetric about the z axis therefore, for the complete analysis it is sufficient to consider only one half of the axisymmetric hemisphere section. The boundary conditions consist of constrain in the vertical direction at the hemisphere base and in the radial direction at its z axis. The contact is assumed frictionless (perfect slip condition). The model shown in Fig. 1 was meshed with a finite element grid that consisted of 1920 six-node triangular elements comprising a total of 3987 nodes. Cyclic loading was performed for a range of maximum external loads. At each case the same maximum external load was applied periodically following a complete unloading. Fig. 2 shows contours of constant equivalent von Mises (VM) stress, σ eq , in the contact region inside the sphere after the first and second loadings. As can be seen the stresses just outside of the contact area (see the contours for 180 and 210 MPa) after the second loading differ from those after the first loading. In these peripheral zones the VM stresses increase upon first unloading beyond the yield strength if the maximum external load is high enough. Fig. 3 shows a typical stress-load relation of the equivalent VM stress normalized by the yield strength,  σ y , during the first two loading-unloading cycles at a single representative point within the peripheral zone shown in Fig. 2 . When the maximum external load P of the first loading is 200P c (P c is the critical load at yield inception [9] ) the VM stress reaches 0.35σ y and then during the first unloading it further increases up to 0.55 σ y . The second loading path follows exactly the first unloading path and the VM stress falls back to 0.35σ y . In this case the first unloading is reversible and the second loading is already elastic.
On the other hand when the maximum external load of the first loading is 450P c the VM stress reaches 0.85σ y and then upon unloading it further increases and reaches the yield strength (the relevant point is plasticized). Contrary to the previous case the first unloading is irreversible and during the second loading the VM stress decreases to 0.6σ y . However, the second unloading follows the path of the second loading and hence, this second loading is already elastic similar to the previous case.
CONCLUSION
Multiple loading-unloading of elastic-plastic spherical contact was analyzed showing that, depending on the maximum external load, the first unloading may be irreversible. However, subsequent loading-unloading cycles are elastic in a large range of practical maximum external loads 
